By enhancing neural activity in respective retinotopic cortical representations attention increases the e⁄ciency with which visual information at a selected location is processed. Behavioral data also suggest that information from the vicinity of the attended region is actively suppressed. In search for a physiological correlate of this 'spotlight's penumbra' we assessed neural responses in retinotopic representations of an attended location and of locations at di¡erent distances to it. Relative to passive viewing we found suppressed striate activity for the nearby but not for the far locations. This attention-driven center-surround distribution of neural activity may enhance the contrast between attended and non-attended objects. We relate the di¡erent behavior of extrastriate areas to their lower spatial resolution, i.e. larger receptive ¢elds. 
INTRODUCTION
Attention is often compared with a spotlight that highlights a region in space, thereby enhancing processing of stimuli at this region [1] . Using fMRI, enhanced neural activity in retinotopic cortical representations of the attended region has been identified as a putative physiological correlate of the suspected spotlight [2] [3] [4] [5] . Based on behavioral studies, modified versions of the spotlight model propose that the spotlight can be scaled like a zoom lens [6, 7] , is organized as a gradient [8, 9] and may even be surrounded by an annulus in which information processing is inhibited as opposed to more peripheral regions [10] [11] [12] . Although some authors have reported suppressed fMRI signals in regions of visual cortex not coding the attended focus [4, 5, 13] , they have not revealed the spatial coordinates of the visual field representations in relation to the attended focus and did not assign the effect to specific visual areas. Thus, physiological evidence for an attention-driven center-surround modulation of neural activity in the visual system has yet to be delivered.
We therefore assessed in areas V1 to V4, activity in defined retinotopic representations of locations that were placed at different distances from a location subjects had to attend to. The crucial question was if and how activity in these representations would be modulated as a function of distance. To avoid bottom-up driven effects, we measured activity to the onset of a central spatial cue rather than of peripheral stimuli. Such stimuli would induce strong bottom-up activity in their cortical representations and might further be perceived as attracters or distracters driving additional attentional mechanism (i.e. biased competition) on top of the distance effects.
MATERIALS AND METHODS
Subjects: Five healthy right-handed students (three females, age 23-29 years) with normal color vision and sufficient visual acuity were paid for their participation in the study conducted in conformity with the declaration of Helsinki. Only subjects who had proven sufficient fixation capabilities in eye movement recordings during prior training sessions outside the scanner were included.
Experimental paradigm: During the whole experiment, four small squares (visual angle: 0.21, at 0.51 off the fixation point) and four black large squares (31 of visual angle, at a radial distance of 7.31 from the fixation point) were presented in the upper hemi-field on a light-gray background. After a fixation period of variable duration (10-12.75 s), the upper left of the four small central squares turned dark, indicating to the subjects to direct attention to the peripheral upper left placeholder square. There were other trials in which two or four squares turned dark, so that a larger visual field region had to be attended, but those trials were not analyzed for the present study. The cue square remained dark during a variable period of time of 4, 7 or 10 s. Then, one of four colored objects (circle, square, rhombus; size B2.51) was presented within each of the placeholder squares for 30 ms and the subjects were instructed to indicate the presence or absence of a blue circle at the attended location (50% of trials) with respective button presses. To avoid decision conflicts and drifts of attention, no invalid cues were used, that is either the target was presented within the cued region or was not presented at all. The relevant trials were repeated 24 times in each of two scanning sessions. Each session lasted about 33 min, in between subjects were allowed to rest for B10 min.
fMRI procedure: fMRI data were acquired with a 1.5 T MRI system (MAGNETOM Vision, Siemens, Erlangen, Germany). Stimuli were back-projected onto a screen which subjects viewed via a mirror mounted on a standard head coil. During each session, 667 volumes of 26 axial slices (3 mm thickness, spanning the cerebral cortex) were collected using a gradient echo echoplanar imaging sequence (TR ¼ 3000 ms; TE ¼ 51 ms; flip angle ¼ 901; inplane resolution 3.28 Â 3.28 mm). Structural 3D data sets were acquired using a T1-weighted sagittal MP-RAGEsequence (TR ¼ 10 ms, TE ¼ 4 ms, flip angle ¼ 121; TI¼ 100 ms; voxel size ¼ 1 mm 3 ). High-quality structural 3D data sets of all subjects were recorded using a T1-weighted sagittal FLASH sequence (TR ¼ 38 ms; TE ¼ 5 ms, flip angle ¼ 301; TI ¼ 100 ms; voxel size ¼ 1 mm
3 ).
Data analysis: fMRI-data were analyzed with the Brainvoyager 2000 software (BrainInnovation, Maastricht, The Netherlands). To allow for steady state magnetization, the first four scans of each functional run were discarded from analysis. After correction for slice scan time differences within a volume, functional volumes were co-registered with the 3D normalized structural data sets in order to generate volume-time-courses which then were motioncorrected and temporally high-pass filtered at 240 s. BOLD responses after cue onset were measured in regions of interest (ROIs) in retinotopic visual areas V1, V2, VP and V4 representing the cued middle left, the nearby (relative to the attended location) outer left and inner right and the more distant outer right locations (Fig. 1) . The ROIs were separately mapped by 8 Hz stimulation (objects on/off) at the relevant locations and subdivided according to retinotopic boundaries that were, again separately, mapped by checkerboard stimulation along the horizontal and vertical meridians. The ROIs were then marked on the reconstructed and inflated cortical surfaces for each of the five subjects. The BOLD response to the cue was averaged across voxels of each of the three ROIs with the 6 s preceding the cue serving as a baseline. Then, the mean of the percentage signal change between 5 s and 9 s (7 s cueing period) or between 5 s and 12 s (10 s cueing period) after cue onset were extracted for each ROI, collapsed across the two nearby ROIs, and entered into a repeated measure ANOVA with the factors distance (within, near, far) and area (V1-V4). The trials with only 4 s latency were not used for analysis. An additional ANOVA was calculated for the near and far locations only, to account for the suspected different response patterns for these locations across visual areas. Degrees of freedom and p-values were Greenhouse-Geisser corrected where appropriate.
RESULTS
Subjects performed correctly in 88% of trials with a mean reaction time of 543 ms. FMRI results are presented in Fig. 2 . Passive stimulation (Fig. 2a) at each of the four placeholder locations yielded activity in retinotopic subregions of areas V1-V4. Focusing attention on the middle left location after cue onset (Fig. 2b) enhanced activity (orange) in subregions that overlapped with those that had been activated by passive stimulation at this location. At the same time, however, activity in other subregions decreased (blue). As for V1, these deactivated subregions were located in the vicinity of the subregion with enhanced activity on both hemispheres and were not restricted to subregions coding for the nearby distracter locations but involved cortical representations of other locations around the attended focus as well. For areas V2-V4 negative BOLD signals in response to the cue were only observed for subregions coding more distant locations of the lower and the right visual field (i.e. on the left hemisphere) whereas the positive signals extended to subregions surrounding the one representing the to-be-attended location. That is, enhanced activity in extrastriate cortex encompassed a larger visual field region. Fig. 2a . Across areas, the strongest BOLD response to the cue relative to passive viewing was observed at the representations of the cued location. In areas V2, VP and V4, the signal was also increased, although however to a lesser degree, at the near locations but remained unchanged or even became negative for the far location. For area V1, a different pattern was observed. Here, a deactivation (i.e., a significant sustained negative signal change compared to baseline) was found for the neighboring locations but not for the distant location, where the signal was again slightly positive. Consistent with these observations, a main effect for distance was observed with 
DISCUSSION
In line with several previous studies [2] [3] [4] [5] 14] , we observed activity increases at visual cortex representations of an attended location. Such observations have been regarded as a neural correlate of the spotlight metaphor of visuospatial attention. Unlike the classical spotlight model, in which an object can only be either inside or outside the beam, the attentional gradient model [8, 9] suggests that enhanced processing efficiency drops gradually from the center of attention to the periphery. This idea is supported by the activity pattern which we observed in extrastriate areas, where the activation level dropped with increasing distance to the relevant location. Yet, the activity pattern in striate cortex matches a center-surround account of attention [10] [11] [12] where processing of information in the neighborhood of an attended region is proposed to be less efficient than at greater distance. Sustained negative fMRI signals occurred in striate representations of locations near the attended one.
This was observed across both hemispheres, i.e., across different vascular territories. Hence, the negative signals most likely indicate reduced neural activity and not a mere peri-focal 'steal' of blood supply [15] . As activation levels in visual areas are assumed to reflect the amount of processing resources available [16] , the suppressed activity in striate cortex might be a correlate of the relatively poor behavioral performance at locations in close vicinity of the attended focus observed in several behavioral studies [10] [11] [12] .
In bottom-up visual processing, center-surround organization is a well-established principle that manifests for example in the on/off organization of receptive fields. With respect to attention, such an organization can be thought of as a mechanism that inhibits processing of stimuli which by virtue of their vicinity to the attended location are potential distracters. This would increase the 'contrast' between an attended location and its unattended neighborhood. The fact that we detected this organization only in V1 is presumably related to receptive field size [17] . Only striate cortex has a spatial resolution fine enough so that activity in neurons coding the relevant location can be enhanced whilst at the same time activity in neurons coding the immediately neighboring locations can be attenuated. As extrastriate neurons represent much larger portions of the visual field, attentional modulation must probably remain considerably coarser in these areas. However, it is conceivable that if we had been able to measure activity in yet more distant locations, a center-surround pattern might have emerged for extrastriate areas as well. Our results support a Mexican hat distribution of neural activity in V1 under focused attention. These results extend prior findings [13] suggesting that focusing of attention lowers the level of baseline activity in the entire visual cortex apart from the representations of the attended location where neural responsiveness increases. We also found that the slope of the activity function, and thus the extent of activation and suppression zones, is related to the resolution of the respective visual areas. It seems likely that other factors such as task difficulty or perceptual load [18, 19] also contribute to the modulation of neural activity. It remains an open question whether the observed center-surround distribution of activity in V1 during focused attention is driven by top-down mechanisms, emerges in V1 itself by means of lateral inhibition including long-distance computations [20] or is due to spatial tuning of afferent input from the lateral geniculate nucleus [15] . Top-down control might be mediated by both the prefrontal-parietal attention network and higher visual areas with their massive feedback connections to V1. The latter might enable higher visual areas to benefit from the finer resolution and surround suppression in striate cortex in their analysis of a selected visual field region. In this respect it is noteworthy that in our experiment the same visual field region yielded suppressed activity in striate representations but enhanced activity in extrastriate representations. The limited resolution of fMRI, however, does not permit to determine whether the borders of suppressed activity in V1 exactly matched those of enhanced activity in higher visual areas which would have supported their role as the main source for V1 modulation. Equally, it will need to be clarified whether activity at representations of nonrelevant locations is more strongly suppressed when their visual content suggests they might become a source of distraction [21] . 
